CaLi-based bulk metallic glasses with multiple superior properties Appl. Phys. Lett. 93, 171907 (2008) Transport properties of Ti-Zr-Ni quasicrystalline and glassy alloys J. Appl. Phys. 104, 063705 (2008) High frequency dynamics in liquid nickel: An inelastic x-ray scattering study J. Chem. Phys. 128, 234502 (2008) Temperature effect of the local structure in liquid Sb studied with x-ray absorption spectroscopy J. Chem. Phys. 128, 224501 (2008) Noncontact measurement of thermal conductivity of liquid silicon in a static magnetic field Appl. Phys. Lett. 90, 094102 (2007) Additional information on J. Appl. Phys. We experimentally investigate the electron and phonon contributions to the thermal conductivity of amorphous GdFeCo and TbFeCo thin films. These amorphous rare-earth transition-metal (RE-TM) alloys exhibit thermal conductivities that increase nearly linearly with temperature from 90 to 375 K. Electrical resistivity measurements show that this trend is due to an increase in the electron thermal conductivity over this temperature range and a relatively constant phonon contribution to thermal conductivity. We find that at low temperatures ($90 K), the phonon systems in these amorphous RE-TM alloys contribute $70% to thermal conduction with a decreasing contribution as temperature is increased.
I. INTRODUCTION
Amorphous rare-earth transition-metal (RE-TM) alloys represent an interesting class of materials to study the influence of non-crystalline order on various physical properties. In their electronic properties, for example, transition-metal spin value, exchange interaction, and the band structure are drastically different compared to their crystalline counterpart. 1 Due to fluctuations in the local structure, the amorphous state also exhibits a much lower Curie temperature resulting in different magnetic responses. 2 However, the thermal properties of amorphous RE-TM alloys are relatively unknown.
In amorphous dielectrics, the thermal conductivity above $100 K is well described by the minimum thermal conductivity model originally proposed by Einstein 3 and later modified by others to include heat transport by a broader spectrum of vibrational modes. [4] [5] [6] However, this picture does not fully describe the thermal transport in amorphous metals due to the electron contribution to thermal conductivity and the strong electron-phonon coupling effects. 7 Several previous works have examined the thermal conductivity of Zr-, Ni-, or Cu-based metallic glasses. [8] [9] [10] [11] [12] In general, the thermal conductivity of metallic glasses increases with temperature and has a much larger contribution from the phonon system than in typical metals (ranging from 20% to 50% at room temperature). 8, 11 The thermal transport properties of amorphous RE-TM alloys have not been thoroughly investigated, to the best of our knowledge. Amorphous RE-TM alloys have received much attention with respect to their application as magneto-optical recording media with GdFeCo and TbFeCo alloys being the most promising candidates. 1, [13] [14] [15] [16] These recording systems utilize the heating effect of a laser beam for storing digital information in a multilayer disk, and the storage and operation of these systems depend immensely on the thermal properties of the disk layers. However, the data for the thermal conductivity of GdFeCo and TbFeCo alloys are relatively nonexistent and only estimates are available at room temperature. 17 This severely limits not only the progress of magneto-optical recording technology but also the progress in understanding the thermophysics of amorphous RE-TM alloys.
In response, we experimentally investigate the electron and phonon contributions to thermal conductivity of GdFeCo and TbFeCo amorphous thin films from 90 to 375 K. We use time domain thermoreflectance (TDTR) to measure the thermal conductivities of these films and we calculate the electron contribution to thermal conductivity from our electrical resistivity measurements via the Weidemann-Franz Law. From this, we infer the phonon contribution to the overall thermal conductivity of these amorphous RE-TM alloy films. We find that the phonon contribution to the thermal conductivity (j p ) is relatively constant with temperature; this is similar to previously measured pure metallic glasses, yet glasses with non-metal impurities show an increasing phonon contribution to thermal conductivity with temperature. Furthermore, we find that the electron contribution to the thermal conductivity (j e ) of our amorphous RE-TM alloy films increases with temperature. We find that at low temperatures ($90 K), the phonon systems in these amorphous RE-TM alloys contribute $70% to thermal conduction which drops at room temperature due to the increase in j e .
II. EXPERIMENTAL DETAILS
The 260 nm Gd 21 Fe 72 Co 7 (GdFeCo) and 300 nm Tb 21 Fe 73 Co 6 (TbFeCo) films are grown on single crystalline silicon substrates via RF sputtering. The films are capped with $5 nm of MgO to prevent oxidation. We measured the film composition using inductively coupled plasma-mass spectrometry after chemically dissolving the films, as confirmed by x-ray fluorescence using peak ratios. We confirm that the films are fully amorphous with transmission electron microscopy (TEM). The thermal conductivities of the amorphous RE-TM alloy films are measured with TDTR. 18 TDTR and appropriate analyses accounting for pulse accumulation when using a Ti:sapphire oscillator have been detailed by several groups previously. [19] [20] [21] [22] We note that TDTR is ideal for measuring thermal properties of thin films due to its picosecond temporal resolution and high heating modulation frequency leading to nanoscale spatial resolution. Numerous papers have discussed the sensitivities, calibrations, and advantages of measuring thermal transport properties in both bulk and nanosystems with TDTR. [18] [19] [20] [21] [22] [23] [24] [25] [26] Since this work focuses on the underlying physics contributing to thermal transport of RE-TM alloys, we limit our discussion of TDTR to only the specifics discussed below, but refer the reader to the above referenced papers, and references therein, for more details concerning TDTR.
In our specific set up at the University of Virginia, we double the wavelength of the pump path to 400 nm to assist with optical filtering of the pump light giving us improved signal to noise of rough surfaces. For this study, we modulate the pump path at 11.39 MHz and monitor the ratio of the inphase to out-of-phase signal of the probe beam from a lockin amplifier (ÀV in =V out ). Our pump and probe spots are focused to $22 lm and $13 lm radii, respectively, at the sample surface. We take a total of five TDTR measurements on the various films at each temperature from 90 to 375 K. We control the temperature of the samples in a cryostat with optical access that is kept under vacuum (pressures less than 1.0 mTorr). The amorphous RE-TM alloy samples are coated with $90 nm of Al for the TDTR measurements; the exact thicknesses of the Al film are determined during each measurement with picosecond ultrasonics. 27 For the TDTR analysis, we assume literature values for the heat capacities of the Al and Si. 28, 29 The thermal conductivity of the Al is approximated from the electrical resistivity measurements, 21 although over the time delay during our TDTR measurements, we are relatively insensitive to the thermal conductivity of the Al. The thermal conductivity of the Si substrate is assumed as that of bulk, 30 although we are insensitive to the substrate thermal properties due to the thickness of the amorphous RE-TM alloy films and their relatively low thermal conductivities. For this reason, we are also relatively insensitive to the thermal boundary conductance between the amorphous RE-TM alloys and the Si substrate. This leaves the only thermophysical properties that need to be determined as the thermal conductivity and heat capacity of the amorphous RE-TM alloy and the thermal boundary conductance between the Al and amorphous RE-TM alloy.
In practice, a single TDTR data set can independently determine both the thermal boundary conductance between the Al transducer and the amorphous RE-TM alloy film given the heat capacity of the amorphous RE-TM alloy. The heat capacity of GdFeCo and TbFeCo have been reported at room temperature and vary anywhere from 2.3 to 3.1 MJ m À3 K À1 (Refs. 13, 16, 32, and 33). We therefore specify the room temperature heat capacity of the GdFeCo and TbFeCo films as 2.7 MJ m 3 K À1 and account for the uncertainty in this value in our thermal conductivity determinations as discussed later. To determine the heat capacity at the various temperatures, we assume a Debye model for the phonon system in the amorphous RE-TM alloys and calculate the heat capacity at the temperatures of interest in this study. These calculations require the sound speed and the atomic density the amorphous RE-TM alloys. We measure the speed of sound with picosecond ultrasonics directly applied to the sample (i.e., a portion without Al coating); 27 we measure the longitudinal speed of sound as 4200 6 210 m s À1 and 3900 6 190 m s À1 for the GdFeCo and TbFeCo films, respectively. We determine the transverse sound speeds by calculating the square root of the ratio of the shear modulus to the bulk modulus of GdFeCo or TbFeCo, and multiplying this value by the longitudinal sound speed determined from picosecond ultrasonics. We determine the moduli of the RE-TM alloys by calculating the weighted reciprocal mean of the shear moduli of the elements in the alloys. 34 From this, we determine the transverse speeds of sound as 3050 m s À1 and 2820 m s À1 for the GdFeCo and TbFeCo films, respectively. We adjust the atomic density in the calculations of the heat capacity until the room temperature value of our calculations is 2.7 MJ m 3 K À1 for both of the alloys. This leads to GdFeCo and TbFeCo atomic densities of 7.4 and 7:1 Â 10 28 m À3 , respectively. Note that this is in acceptable agreement with previously reported values for the atomic density of TbFeCo (6:5 Â 10 28 m À3 -Ref. 15 ) and calculations of atomic density based on the density of the elemental constituents and a rule of mixing ($6 Â 10 28 m À3 ). With our calculated estimates of the heat capacities, we then fit the TDTR thermal model to the experimental data with the only free parameters being the thermal boundary conductance between the Al film and the amorphous RE-TM alloy and the thermal conductivity of the amorphous RE-TM alloy. We find in general that the fit is relatively insensitive to the thermal boundary conductance between the Al transducer and the amorphous RE-TM alloy sample due to the relatively low thermal conductivity of the alloys compared to the relatively high thermal boundary conductance. Figure 2 shows the measured thermal conductivities of the amorphous RE-TM alloy films as a function of temperature determined via TDTR. The error bars in these data represent the uncertainties due to repeatability in the measurements, the Al transducer thickness, and the amorphous RE-TM alloy heat capacity. We determine the Al film thickness to within 3.0 nm via picosecond ultrasonics. Therefore, the majority of the uncertainty in j is due to the uncertainty in the assumed heat capacity, which we take as 15% for all temperatures based on the previously reported values for heat capacity of GdFeCo and TbFeCo, as discussed earlier. The thermal conductivities of both the GdFeCo and TbFeCo films increase nearly linearly with temperature. This is a similar trend as to what has been observed in metallic glasses previously. [8] [9] [10] [11] [12] 31) . The metallic glasses all exhibit similar temperature trends in thermal conductivity, increasing more linearly as compared to the nonmetallic SiO 2 which increases with temperature trends similar to the phononic heat capacity.
III. RESULTS AND DISCUSSION
To understand the origin of these temperature trends in the thermal conductivity of amorphous RE-TM alloys, we measure the electrical resistivity from 80 to 400 K with a standard four-point van der Pauw configuration in a Quantum Design cryogen-free vibrating sample magnetometer (VersaLab). From these measurements, we calculate the electron contribution to the thermal conductivity via the Wiedemann-Franz Law. For the GdFeCo and TbFeCo films, j e is plotted in Fig. 3 . The electronic thermal conductivities of both films exhibit nearly linear trends with temperature. This linear trend in j e has also been observed in the metallic glasses with non-metallic constituents shown in To quantify this, we calculate the phonon contribution to thermal conductivity by j p ¼ j À j e , where j is determined from the TDTR measurements (Fig. 2) and j e is determined from the electrical resistivity measurements (Fig. 3) . We plot j p for the amorphous RE-TM alloy films in Fig. 4 . The phonon thermal conductivity is relatively constant over the temperature range of interest. The slight increase that is observed in the mean values is hard to conclusively discern beyond the relative uncertainties in the calculations, which propagates from the relative uncertainties in the TDTR and electrical resistivity data that were previously discussed. This constant j p has been observed in pure amorphous metals previously. 12 However, the amorphous metals with boron or phosphorous (Fe 80 B 20 3 . Electron contribution to thermal conductivity of the amorphous RE-TM alloy films. This thermal conductivity component was determined via electrical resistivity measurements and the Wiedemann-Franz Law. Both amorphous samples exhibit a linear j e with temperature. We estimate the relative uncertainties in these electrical resistivity measurements by considering the effects of contact size and placement along with the sample geometry. 35 These uncertainties are represented by the error bars shown at select temperatures in the GdFeCo and TbFeCo data, and correspond to 8.1% and 6.2%, respectively. We also plot the reported electron contributions to the thermal conductivities of the metallic glasses with non-metal impurities ( show an increase in j p with temperature, unlike the pure amorphous metals. The reason for this is currently unclear, but could be due to a stiffening of the bonds with nonmetallic inclusions that leads to an increase in the Debye temperature, and thereby an increasing trend in phonon thermal conductivity compared to the pure metallic glasses.
Based on the data in Figs. 3 and 4 , the percent phonon contribution decreases with increasing T where the electron contribution increases with increasing T. We find that the percent contribution of the phonon system to thermal conductivity is $70% at 90 K and decreases to a still significant contribution at room temperature and above. At low temperatures, the phonons contribute more to the thermal conductivity of the amorphous RE-TM alloys than the electrons, a phenomenon that is not typical in most metals.
IV. CONCLUSIONS
In summary, we have investigated the electron and phonon contributions to the thermal conductivity of amorphous GdFeCo and TbFeCo thin films, a class of amorphous RE-TM alloys that is extremely important for the continued development of magneto-optical recording devices. The thermal conductivities exhibit a nearly linear increase with temperature from 90 to 375 K, which is due to the increase in electron thermal conductivity and a relatively constant phonon contribution to thermal conductivity. We find that at low temperatures ($90 K), the phonon systems in these amorphous RE-TM alloys contribute $70% to thermal conduction which decreases at higher temperatures due to the increase in the electronic thermal conductivity. 
